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STRESS STATES OF UNDERGROUND CAVE UNDER DETONATION LOAD*

Yang Shengtian and Zhang Yaoqin

I. Computation Model

1. It is assumed that there is a cave in a mountain body (or underground),

where the axial direction dimensions of the cave are considerably greater than

the characteristic dimensions of the cave structure. Moreover, the axial direc-

tion dimensions are acted on by a cylindrical wave parallel to the longitudinal

axis because of the strip-shaped detonation source. Hence, the strain simulation

of the cave can be considered a problem of plane strain (Fig. 1).

4W:

Fig. 1. Computation model.

*-Ths" article has been abridged by the journal.
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2. The mountain body is composed of an isotropic homogeneous substance.

3. The model has three boundaries: the upper portion is the free boundary,

satisfying the practical conditions of the mountain body; the mountain base is

assumed to be the artificial boundary (the damping boundary). The remaining side

(boundary) is due to loading.

4. The distance from the loading boundary (of the computation model) to the

detonation center is about five times the span of the detonation chamber. In this

article, the detonation center is used as the origin and the loading boundary is

a circular-arc surface with center at the origin and radius of 30 meters. Thus,

the inner portion can be considered as basically an elastic zone. The distance

from the loading point to the center (the origin) of the cave is 32.5 meters.

5. The given boundary conditions of the load are radial loading under the

cylindrical coordinates, and at any instant the load is at the normal direction

of the wave train surface; these two magnitudes of load are the same. The detona-

tion chamber and the cave are at the same elevation.

* II. Load and Fundamental Parameter

1. The load waveform is assumed as triangular (Fig. 2).

(1) t* tZ (2) t

Fig. 2.
Key: (1) Ascending; (2)
Positive,

o- (/ ascending weqtascending'
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P=P [(tpo  .
v -t(t t o  -ta )] when t <t t

positive positive ascending ascending positive
and satisfying t =(1/2)t

ascending positive'

2. The form of the cave is a straight-wall arch without lining, and the rise-

span ratio is 0.31.

The medium parameters:
S 2 3.:

E=1.4xlO kg/cm2; P=2.65 tons/m

V=0.3; =000 S (or S;v=0.5; t~positiveO.02;

t =001S(r=0);
ascending
X=0.01 (damping ratio); L=9.7 m (span);
h=2.5 m (wall height); Po=0 kg/cm2.

III. Computation Method

Beginning from the dynamic equilibrium equation of monolithic construction

X;(U I -CC:10 + [~MAU) - 4k)

a six-nodal-point triangular unit is utilized to solve (step by step) for the

double-step-length method (the Wilson stable integration method when 0=2). In the

equation, [K], [c] and [M] are respectively the rigidity, damping and mass matrix,

and {u), {1, and {U} are respectively vectors of displacement, velocity and

acceleration.

j In the damping matrix c=aM+BK, Q=w,1 and BO=/w I . wI is the fundamental

frequency of the model.

The mass matrix is used with the concentrated mass approximation method in

physics.

As revealed by the computation, the magnitude of the damping ratio exerts a

considerable influence on the dynamic reaction of the structure; moreover, the
value of X is related to the structure type, material property and load waveform.

Assuming the damping ratio X as 0.01, 0.02, 0.03, 0.05 and 0,08, from computation

the stress waveforms of the nodal point at the boundary of the original load are

considerably different from the given waveform; values of amplitude also obvious-

ly vary. Refer to Fig. 3 for changes of waveforms. Finally, it is assumed that

A-0.01 in the computation. 3
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In addition:

1. Concerning the unit dimension

The sub-period of the selected unit is smaller than the period of the load
waveform. Calculation of the sub-period uses the equation Tz=H e/C . In the

equation, He is the distance of a unit along the direction of wave propagation and

Cp is wave velocity. According to the equation, in this article the unit Tz=0.001

second; the period of load waveform To=0.004 second (wave velocity C pv25OO m/sec
0 p

at one unit dimension He =2.5 m). According to computation experience, the error

in calculating stress cannot be too great (usually not exceeding 1.5 percent).

2. Duration of time segment dt

The selection of the duration of the time segment can affect the accuracy of

numerical integration. As pointed out in Reference [1], when dt/T<0.01, the

integration result is accurate; at that time, the period T can use the shorter

value in the system and load. In this article, it is selected that (dt/T)=0.025.

Usually, the error in the stress calculation does not exceed 2.5 percent.

AN
ajm (*)

Fig 3.Effctsof damping

ratio
Key: ( ) riginal input waveform,
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3. Boundary conditions

In order to have the boundary free from reflection of the wave (in other

words the wave can smoothly pass through the boundary, or the boundary can absorb

all the energy), an artificial boundary is used according to Reference [2], that

is, the boundary conditions are assumed as

In the equations, ifi and u5 are velocities of the mass point at normal and
p

tangential directions; C and C5 are velocities of the P wave and S wave; and a
p

and b are dimensionless parameters. When a=b=l, the P wave of the arbitrary

icident angle absorbs 98.5 percent of the energy; the S wave absorbs 95 percent

of the energy. Hence, in addition to the free boundary and load boundary naturally

existing, other boundaries in the article use artificial boundaries.

IV. Computation Result

1. General stress trend at circumference of the cave

After one period of oscillation of the mass point, the stress wave propagating

in the medium has the superposition 
phenomenon (refer to the waveform diagram)

ian apparent first stress-peak value; at the back detonation side, there are(paenl wave diffraction, interference and structural reaction*. For example,
te a value of the juncture point "1142"1 in the wall does not have attenuation in

the range of calculation time because of diffraction and interference of the wave.

The stress effect** and reflection phenomenon appear when the stress wave

propagates to the vicinity of 1 to 1.5 spans from the cave. However, other points

are still similar to those of a free field (Figs, 6 and 8).

*This is the reaction of external force, since the cave is considered as a struc-
ture.
** This means that due to the existence of the cave, the stress state in the
vicinity of the cave is different from that in a free field.
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All of the first stress peak values (in the low stress zone of relative

safety) in the direction back to the detonation are no greater than the first

stress peak values in the direction facing the detonation. Comparing the

stress states (Figs. 4, 5 and 10) at both sides of the cave, we can see the

apparent asymmetry.

lineC lhjin

(b)' 4 1  J (b)

Fig. 4. Radial stress surrounding Fig. S. Radial stress surrounding thethe cave. cave.

Key: (a) Damping; (b) Ascending; Key: (a) Ascending; (b) Positive.
(c) Positive.

2. Radial stress at the circumference of the cave

As revealed in Figs. 4 and 5, the stress state has apparent asymmetry at

the sides facing and back to the detonation (with the exception of distribution

of peak values), but the distribution rules have similarities. At places where

abrupt changes of structural shapes occur, at the arch fQQting and wall corner,

abrupt stress changes also occur. In the vicinity of the midpoint of the

straight wall, negative signs of stress appear. In most zones at the top of the

arch, there is the same stress sign.
6
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The time waveform of stress: at the side facing the detonation, there is an

apparent attenuating characteristic of oscillation in stress.

At the direction back to the detonation, this attenuation property still

exists but the oscillation property is weakened while the diffraction interference

is intensified (refer to the time-waveform diagram).

3. Radial stress of load waveform

Compares Fig. 4 with Fig. 5.

Table 1 shows the case when the stress wavelength is in conformity with the

characteristic dimension of the cave, asymmetry appears on the stress reaction of

the sides facing and back of the detonation in the cave. When the stress wave-

length is further shortened (reducing the time of positive-pressure function of

the load waveform), the asymmetry is intensified. As Fig. 4 shows, the value of

stress a394y at the midpoint (juncture point "394") of the straight wall facing

the detonation at loading is greater by 17 times than the stress a142y of the

corresponding point (juncture point "142") at the back face of the detonation;

the corresponding value for Fig. 5 is 18 times greater in load.

Table I

____ ___ __ __ 4:c) c

j 1 2 5.0 13.75 6.054 0.3464 17
0 0.6 3.0 9.50 1.687 0.09434 Is

Key: (a) Load waveformn (ms); (b) Waveform in the vicinity of cave (at
juncture point "1289"1, a distance of 8.5 meters from the center of the
cave); (c) kg/cm2; (d) Ascending; (e) positive; (f) t positive (ms);
(g) Wavelength (m).

For the distribution of stress peak values in the radial direction, the upper

portion of the straight wall at the surface facing the detonation is the weak
7



sector under force (tensile stress), threatened first by the detonation wave;

it is possible to be destroyed first.

Although there is stress concentration with corresponding intensity, the sign

of peak values is positive pressure, and the location is at the base of the

structure. It is estimated that no serious destruction is likely.

4. Stress state above the top of the arch (Figs. 4 and 6)

a. The zone of structure effect is about the range of doubling the span;

the other zones have the trend of being in a free field; the strPss state is not

related to the cave. High stress is only in a very narrow zone t.e vicinity of

the edge of the cave. If the positive stress at the arch to ttenuates

rapidly with increasing distance from the surface of the arch I (such as the

juncture point "313"), the stress one meter deep from the surfa . reduced from
20.6 kg/cm2 to 14.4 kg/cm 2, a reduction of 30 percent.b. The maximum postiedstres o et

b. The maximum positive stress al X exists at the symmetrical surface.
The minimum stress also exists at the symmetrical surface.

c. A high stress zone is at the side facing the detonation surface, but

the zone is not as apparent as at the side wall.

5. Coefficient of stress concentration

We know by comparing the distribution of stress ax at the symmetrical surface
~of the arch top that the approximation of the stress concentration coefficient

at this point is shown in the following equation;

is the value of the free field at the symmetrical surface. Comparing the stressx
distribution of the lower region of the floor, the coefficient of stress concen-

tration also assumes the aforementioned Yalue.

N
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6. Stress state at side of straight wall facing detonation (Fig. 7)

1912 07

415

.0 3" .... 0

- 00

Fig. 6. Stress distribution passing through the 450
axial line at the wall corner along the vertical
axial line through the top of the arch.

The cross-section I is 0.46 m from the surface of the cave; cross-section I

is 0.92 m from the cave surface; cross-section III is 2.36 m from the cave

surface; and cross-section IV is 3.80 m from the cave surface.

a. Positive stress a

Basically, distributions along the y direction at cross-sections III

and IV are homogeneous. Along the y direction at cross-sections I and II, the
9



distribution is also basically homogeneous with the exception of the horizontal

zone at the wall corner. The stress concentration of the corner point tends to

bend the distribution curve, but the bending apparently weakens with increasing

distance.

The variation of a along the x direction is the distribution of a cubicx

curve in the zone shown in the figure, satisfying the condition that the boundary

of the straight wall is zero.

b. Positive stress a

For the variation of ay along the x direction, the sign of the stress

changes between cross sections I and II; that is, however, not a linear regular

variation. Later, the change tends to flatten with increasing x.

ot _____

0.401,...... 35' 288C*

,%39 (390 do 9i3W.., . 5 353 . 89

Fig. 7. Stress distribution at the side of the straight wall of the

surface facing the detonation.
Key: C*) Cross section.

10
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In the two aforementioned points, the cross-sectional surface of juncture

points "394" , "289" (in the x direction) are selected.

c. Shearing stressrXY

As shown in the figure, there is a parabolic distribution (the distribu-

tion curve of cross-sectional surface' of juncture points "390" "249" in
xy

Fig. 7) within the diagram range.

As revealed in the aforementioned, in this zone the stress state has the

property of a structural member subject to bending, similar to the beam structure

under distribution of the action of a lateral load.

7. Stress of the free field

Along the wave propagation direction, there is very rapid consistent attenua-

tion beginning from the loading point; the stress tends to be more flattened the

closer to the cave. In the vicinity of the cave, reflection stress occurs (Fig.

8). If values of these points are shown on double-logarithm coordinates, the

trend is closer to linearity between sectors of the free field, but there is

deviation in the vicinity of the cave (Fig. 9).

8. Variation of stress-time waveform with distance

For an example of juncture point "367" and juncture point "289" after moving

25 m of time waveform of the juncture point "367", the duration of the positive

pressure function of the waveform pulse is increased from 2 ms to 5.5 ms. As

pointed out in some papers, the circumference length of the period is a function

4 of dt/T. This is possibly related to the method itself (such as the magnitude

of unit selected along the wave propagation direction), and also possibly related

to the propagation property of the wave itself. In fact, owing to the influence

of wrious factors, the wave propagation in a rock medium has the phenomenon of

a lengthening period (Fig, 10).

11



Fig. 8. Attenuation of peak-value stress.

.AM

to~ U U9i

Fig. 9.
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Fig. 10. Variations of radial stress with time.

9. Figure 10 shows the variation states with time of radial stress at the

circumference of the cave when the pressure wave passes through the cave. This

explains that there is a certain time difference in the value of the stress peak

of the surfaces facing and back of the detonation; the variation of stress with

time at the top portion of the arch is more intensified.

V. Conclusion

According to the aforementioned discussion, under detonation loading when

the wavelength is in conformity with the geometrical property dimensions of the

cave, there are the following results:

1. Under detonation loading of an irregular cross-section straight wall of

j the arch top, the basic rule of the radial stress at the arch top is generally

consistent with that of a regular cross section (cylinder).

2. The radial-direction stress peak values appear asyipetric between

directions facing and back of the detonation in the cave; the peak values of the

facing detonation direction are greater than the direct qn back to the detonation.

The maxim= value can be 20 times greater.

13
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3. At the facing detonation surface, the stress-time waveform is more in

the form of a simple harmonic curve. Generally, the first peak value is the

highest. However, it is relatively complex (with interferences) at the surface

back to the detonation. Sometimes, relatively high-value superimposed stress

may appear.

4. Under the situation of the computation model in this article, after a

period of stress wave propagation, the superimposition phenomenon of the wave

occurs.

367MA

-50

-20

289~ t(aS)

5 10

Fig. 11. Diagram of stress waveform.

Key: (*) Juncture point.

S. The structural effect of the cave can only occur when the wave propagates

to the vicinity of a double span distance. However, the high (radial) stress

zone at the arch top can only occur in the range of less than 1/10 of the span;

then the stress rapidly decreases to the state of a free field.

14
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6. The stress state at the (facing detonation) straight wall side is similar

to the situation of a structural member (under bending) with bending, extrusion,

shearing and other stresses.

7. At the symmetrical surface of the cave, the coefficient of stress

concentration is approximately 2.

8. The radial stress has the phenomenon of apparent attenuation with

increasing distance. In certain zones (in the free field nearing the loading

surface), the attenuation conforms to the index law; in some other zones (in the

vicinity of the cave), the attenuation conforms to the cubic curve with the

existence of reflection stress.

9. There is relatively greater positive stress and smaller shearing stress

in the symmetrical surface of the cave.

10. When the wave passes through the cave, there is a certain time difference

in the stress peak values of the facing and back of detonation surface. The

stress of the arch top region has more intensified changes with time.

The aforementioned points are obtained from the specified computation

conditions of the article; possibly there are limitations and errors.
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